High-level microsatellite instability (MSI-high) is found in approximately 15% of all colorectal adenocarcinomas (CRCs) and in at least 20% of right-sided cancers. It is most commonly due to somatic hypermethylation of the MLH1 gene promoter region, with familial cases (Lynch syndrome) representing only 2% to 3% of CRCs overall. In contrast to CRC, MSI-high in appendiceal adenocarcinomas is rare. Only 4 MSIhigh appendiceal carcinomas and 1 MSI-high appendiceal serrated adenoma have been previously reported, and the prevalence of MSI in the appendix is unknown. We identified 108 appendiceal carcinomas from MD Anderson Cancer Center in which MSI status had been assessed by immunohistochemistry for the DNA mismatch-repair proteins MLH1, MSH2, MSH6, and PMS2 (n = 83), polymerase chain reaction (n = 7), or both (n = 18). Three cases (2.8%) were MSI-high, and 1 was MSI-low. The 3 MSI-high cases included: (1) a poorly differentiated nonmucinous adenocarcinoma with loss of MLH1/PMS2 expression, lack of MLH1 promoter methylation, and lack of BRAF gene mutation, but no detected germline mutation in MLH1 from a 39-year-old man; (2) an undifferentiated carcinoma with loss of MSH2/MSH6, but no detected germline mutation in MSH2 or TACSTD1, from a 59-year-old woman; and (3) a moderately differentiated mucinous adenocarcinoma arising in a villous adenoma with loss of MSH2/MSH6 expression, in a 38-year-old man with a strong family history of CRC who declined germline testing. When the overall group of appendiceal carcinomas was classified according to histologic features and precursor lesions, the frequencies of MSI-high were: 3 of 108 (2.8%) invasive carcinomas, 3 of 96 (3.1%) invasive carcinomas that did not arise from a background of goblet cell carcinoid tumors, and 0 of 12 (0%) signet ring and mucinous carcinomas arising in goblet cell carcinoid tumors. These findings, in conjunction with the previously reported MSI-high appendiceal carcinomas, highlight the low prevalence of MSI in the appendix as compared with the right colon and suggest that MLH1 promoter methylation is not a mechanism for MSI in this location.
A pproximately 15% of colorectal carcinomas (CRCs) display high-level microsatellite instability (MSI). 1 MSI results from defective DNA mismatch repair (MMR) and is characterized by widespread accumulation of mutations in nucleotide repeats, some of which are located in the coding regions of cancer-associated genes such as TGFbRII, PTEN, BAX, and others. 2 CRCs with MSI arise in both familial and sporadic settings. Familial cases, representing 2% to 3% of all CRCs, [3] [4] [5] carry germline mutations in one of the DNA MMR genes-MLH1, MSH2, MSH6, or PMS2-or rarely a deletion in the last exon of EPCAM that causes heritable methylation of MSH2. 6 In contrast, the more common CRCs with sporadic MSI are overwhelmingly due to epigenetic silencing of the MHL1 gene by hypermethylation of its promoter; this hypermethylation usually occurs in a background of more generalized methylation of CpG islands, the so-called CpG island methylator phenotype or CIMP. 7 Sporadic MSI CRCs tend to be right-sided tumors, occur in older women, and have characteristic histologic features including mucinous phenotype, tumorinfiltrating lymphocytes, Crohn-like peritumoral reaction, and poor differentiation. 8, 9 Identification of MSI CRCs can potentially serve 3 goals: (1) the detection of patients with Lynch syndrome; (2) a prognostic marker for improved cancer-related survival; and (3) a predictive marker for resistance to chemotherapeutic agents including 5-FU, cisplatin, and carboplatin, and sensitivity to irinotecan. 10 However, both the prognostic and predictive values of MSI are fraught with controversy, possibly because of the lumping of familial and sporadic MSI CRCs in various studies. 7 The association between mucinous tumors and MSI in the right colon does not appear to extend to tumors of the appendix. Mucinous neoplasms-whether benign, malignant, or of uncertain malignant potential-are the most common nonendocrine appendiceal tumors, followed by intestinal-type adenocarcinomas. [11] [12] [13] However, most series have found no evidence of MSI in mucinous and nonmucinous appendiceal tumors. 11, [14] [15] [16] [17] [18] Furthermore, familial cases of appendiceal carcinoma (outside of adenomatous polyposis 19 ) are extremely rare and could be coincidental. 20, 21 Several case reports of MSI analysis performed on appendiceal tumors from patients with suspected Lynch syndrome were negative. 20, [22] [23] [24] To our knowledge, only 4 individual cases of MSI-high appendiceal carcinomas and 1 case of an appendiceal serrated adenoma with MSI have been previously reported. [25] [26] [27] [28] [29] Only 1 of these patients had documented Lynch syndrome. 25 In this study we report the unusual phenotypic and genetic findings in 3 new patients with MSI-high appendiceal carcinomas and contrast these with the total group of 108 appendiceal carcinomas that have undergone MSI workup in our institution. Our data provide prevalence estimates for appendiceal MSI and suggest-in contrast to the colorectum-that hypermethylation is not a mechanism for genetic instability in the appendix.
MATERIALS AND METHODS

Study Population
We searched the computerized Surgical Pathology and Molecular Diagnostics Laboratory files at MD Anderson Cancer Center (MDACC; Houston, TX) using the terms "microsatellite" or "MSI" and "appendix" or "appendiceal" to identify appendiceal tumors that had been subjected to immunohistochemical analysis and/or polymerase chain reaction (PCR) for MSI analysis. Cases were excluded if the primary site of origin was debatable (eg, tumors involving both cecum and appendix without a clear epicenter in the appendix).
Sex and age at the time of diagnosis were recorded for all patients. In cases that were positive for MSI, we also reviewed the patients' personal and family histories of carcinoma, clinical follow-up, and results of germline mutational testing (if performed).
This study was approved by the institutional review board at MDACC.
Histologic Evaluation
Appendiceal carcinomas were classified in 3 ways: (1) according to the precursor lesion (ie, adenoma/cystadenoma, goblet cell carcinoid, or no precursor identified); (2) by histologic type (ie, mucinous, signet ring cell, or nonmucinous/not otherwise specified); and (3) by degree of differentiation (well, moderately, or poorly differentiated). Differentiation was assessed by percentage of gland formation according to established criteria: well differentiated (> 95% gland forming), moderately differentiated (50% to 95% gland forming), poorly differentiated (5% to 50% gland forming or signet ring cell type), and undifferentiated (< 5% glands). 30 Tumors with signet ring cells floating in pools of mucin were classified as mucinous type, poorly differentiated.
Immunohistochemistry
Immunohistochemical analysis was performed on 4-mm-thick formalin-fixed and paraffin-embedded tissue sections using antibodies directed against MLH1 (mouse monoclonal antibody clone G168-728 at a dilution of 1:300; Cell Marque, Rocklin, CA), MSH2 (mouse monoclonal antibody clone FE11 at a dilution of 1:100; Calbiochem, La Jolla, CA), MSH6 (mouse monoclonal antibody clone 44 at a dilution of 1:300; BD Transduction Laboratories, San Jose, CA), and PMS2 (mouse monoclonal antibody clone A16-4 at a dilution of 1:125; BD Transduction Laboratories). (In 3 cases evaluated before early 2005, only immunostaining for MLH1, MSH2, and MSH6 was performed.) Sections of normal human colon were used as controls. Immunohistochemical expression of each MMR protein was considered intact if there was at least patchy nuclear staining of the neoplastic cells and was considered lost when there was complete absence of nuclear staining of the neoplastic cells despite internal control positivity (stromal cells, lymphocytes, and nonneoplastic crypt epithelium, if present).
Molecular Studies
Lesional and nonlesional tissue was manually microdissected from 10-mm-thick unstained tissue sections, and genomic DNA was isolated using the DNA Mini Extraction Kit (Qiagen, Valencia, CA) or the PicoPure DNA Extraction Kit (MDS Analytical Technologies, Toronto, ON, Canada). MSI status was evaluated by fluorescence-labeled microsatellite marker PCR, followed by capillary electrophoresis fragment-size analysis using an ABI 3130 sequencer and Genescan software (Applied Biosystems, Foster City, CA). Seven microsatellite markers were used, including the National Cancer Institute panel (BAT25, BAT26, D2S123, D5S346, D17S250) with the addition of BAT40 and TGFbRII. (Six cases evaluated before 2008 did not include TGFbRII.) Tumors were classified as MSI-high when allelic shift was observed in 3 or more markers, MSI-low when allelic shift involved 1 or 2 markers, and microsatellite-stable when none of the markers showed allelic shift. Molecular studies were conducted in the Clinical Laboratory Improvement Amendment-certified Molecular Diagnostics Laboratory in the Division of Pathology and Laboratory Medicine at MDACC.
RESULTS
Prevalence of MSI
We identified 108 invasive appendiceal adenocarcinomas with MSI studies conducted between 2003 and 2012 (both PCR and immunohistochemical analysis in 18 cases, PCR only in 7, and immunohistochemical analysis only in 83). The histologic features of the tumors are summarized in Table 1 . All but 2 cases were tested at the request of the patients' oncologists or surgeons. The other 2 had MSI testing ordered by the pathologist because of unusual histologic features; one of these cases was MSI-high (see below), and the other was microsatellite-stable.
The total patient population comprised 53 (49%) men and 55 (51%) women with a mean age of 48.1 years (range, 17 to 75 y). Three patients had MSI-high appendiceal tumors (prevalence of 2.8%). These patients are presented in more detail below. One additional patient had MSI-low-with allelic shift in 1 of 7 markers-but immunohistochemistry for MLH1, MSH2, MSH6, and PMS2 was intact.
MSI-High Appendiceal Carcinomas Patient 1
This 39-year-old man presented with right lower quadrant abdominal pain and underwent open appendectomy for presumed acute appendicitis. The distal aspect of the resected appendix harbored a poorly differentiated, nonmucinous adenocarcinoma of approximately 2 cm ( Fig. 1) ; severe acute appendicitis with perforation was also present. Adenocarcinoma itself penetrated the visceral peritoneum and was associated with multifocal lymphovascular invasion; no precursor lesion was identified. One month later a right hemicolectomy revealed metastatic carcinoma in 3 pericolonic lymph nodes; there was no evidence of metastatic adenocarcinoma upon surgical examination of the abdominal cavity and no residual carcinoma near the appendectomy site (final stage: pT4a pN1 cM0). The patient received adjuvant chemotherapy, but <2 months after completion a computed tomography (CT) scan revealed recurrent disease involving the right ureter. Despite aggressive surgical intervention and conventional chemotherapy, he eventually developed multiple sites of metastatic disease-including bony and intrathecal metastases-and died 3 years after his initial diagnosis.
MSI testing by immunohistochemistry and PCR was requested because of the patient's age and his family history of cancer, which included CRC in his maternal grandmother and paternal grandfather. Immunostaining revealed complete loss of MLH1 and PMS2 expression in the tumor, with retained expression of MSH2 and MSH6.
By PCR, the tumor was MSI-high with allelic shifts in 4 of 7 markers (BAT25, BAT40, D2S123, and D17S250). These findings prompted testing for hypermethylation of the MLH1 gene promoter and BRAF gene mutations, both of which were negative, thus arguing against sporadic loss of MLH1 expression and suggesting a germline mutation in the MLH1 gene. However, comprehensive germline mutational testing of MLH1 (including sequencing of all 19 exons and gene dosage analysis to detect large deletions, duplications, and other genomic rearrangements) was negative.
Patient 2
This 59-year-old woman underwent abdominal CT because of worsening right lower quadrant abdominal pain and was found to have an appendiceal mass. Gross examination of the subsequent right hemicolectomy revealed an 8.0 Â 2.8 Â 2.5 cm papillary tumor, which filled the lumen of a 10-cm-long appendix. Microscopically, the tumor comprised an undifferentiated carcinoma with numerous tumor-infiltrating lymphocytes and neutrophils and sheet-like growth that bore a resemblance to neuroendocrine carcinoma (Fig. 2) ; however, immunostaining for synaptophysin and chromogranin was negative. No precursor lesion was identified. Carcinoma infiltrated the subserosal adipose tissue and was metastatic to 3 regional lymph nodes. Surgical examination of the abdomen and radiologic studies were negative for distant metastases (final tumor stage pT3 pN1 cM0). The patient went on to receive adjuvant chemotherapy and has remained disease free for over 3 years.
The unusual histologic appearance of the tumor prompted further immunohistochemical staining, which revealed loss of MSH2 and MSH6 (but retained expression of MLH1 and PMS2) in the neoplastic cells. This finding implied high-level MSI due to germline or somatic MSH2 dysfunction with secondary loss of MSH6 immunoexpression. The patient's family history was negative for cancer, but-because of the rarity of sporadic MSH2 mutations-she underwent germline mutational testing of MSH2. Comprehensive mutational testing, 
Patient 3
This 38-year-old man presented to an emergency center with abdominal pain due to a ruptured appendix. The initial appendectomy specimen and subsequent right hemicolectomy performed 3 weeks later revealed a moderately differentiated mucinous adenocarcinoma (exact size unspecified), arising from an appendiceal villous adenoma ( Fig. 3) . Adenocarcinoma focally involved the serosal surface in an area of rupture, but there was no lymphovascular invasion, and 23 regional lymph nodes were negative. No metastases were initially detected at surgery or by radiologic staging (tumor stage pT4a, pN0, cM0). Six months after completion of adjuvant chemotherapy, surveillance CT scans detected new abdominal masses. The patient received additional chemotherapy and eventually underwent incomplete cytoreductive surgery for large volume peritoneal and infiltrative metastases. He was alive with progressive disease at last contact, 15 months after initial appendectomy.
Immunohistochemistry and PCR for MSI assessment were requested because of the patient's age and strong family history of CRC (both parents and 12 maternal 
DISCUSSION
Our data highlight marked differences in both the frequency and mechanism of MSI in appendiceal versus colonic adenocarcinomas-particularly right-sided colonic carcinomas-despite the common embryologic origin of the appendix, cecum, and right colon (all of midgut derivation, with the appendix developing initially as a "bud" from the cecum 31 ). In a study of 257 unselected CRCs from the Mayo Clinic (Rochester, MN) Cunningham et al 32 found MSI-high in 51 (20%) and highlighted the strong association between right-sided tumors and MSI; 37% of proximal tumors, but only 5.1% of distal tumors, were MSI-high. At the lower end of the published spectrum of MSI prevalence in CRC, Aaltonen et al 3 reported defective DNA MMR in 63 (12%) of 509 Finnish patients with CRC. This discrepancy might be explained at least in part by differences between the 2 studies in the percentages of proximal and distal tumors, as 29% of carcinomas proximal to the splenic flexure in Aaltonen and colleagues' series had defective DNA MMR, as compared with only 4.1% of their distal CRCs. Multiple other series have confirmed that approximately 15% of CRCs overall-and at least 20% of proximal tumors-are MSI-high. 1, 2 These figures are in marked contrast to appendiceal carcinomas, in which MSI is rare. We found MSI-high in 3 appendiceal adenocarcinomas, representing just 2.8% of 108 invasive appendiceal adenocarcinomas and 3.1% of 96 invasive adenocarcinomas that did not arise from a background of goblet cell carcinoid. It could be argued that the true frequency of MSI in appendiceal tumors is higher than that detected by us, because of the fact that many of our cases were evaluated by immunohistochemistry only, rather than immunohistochemistry plus PCR. Immunohistochemistry is nearly 100% sensitive for the detection of MSI that is due to hypermethylation of the MLH1 gene promoter, because this leads to a complete lack of MLH1 protein expression. However, some germline mutations in MLH1, MSH2, or other MMR genes may not be detectable by immunostaining, and the MSI-high status of these tumors could be "missed" if PCR is not performed concomitantly. This is particularly true of some missense mutations that result in defective DNA MMR despite varying degrees of retained protein expression. In CRC, the sensitivity of immunohistochemistry in screening for Lynch syndrome is thought to be in the range of 85% to 95% 4, 33 but has been reported to be as high as 100% when the staining pattern is interpreted by specialists and when PCR is performed in cases in which staining is indeterminate (eg, fainter staining of tumor nuclei as compared with internal control nuclei). 34 Therefore, it is unlikely that any significant numbers of MSI-high appendiceal tumors were missed in this study.
To our knowledge, only 4 other appendiceal adenocarcinomas with MSI-and 1 MSI-high serrated adenoma of the appendix-have been previously reported in the English literature. These included: (1) pT1 N0 moderately differentiated adenocarcinoma with loss of MSH2/MSH6 expression and MSI-high by PCR, in a 29-year-old man with Lynch syndrome due to germline A636P MSH2 mutation 25 ; (2) moderately differentiated colonic-type adenocarcinoma with loss of MSH2/MSH6 expression, confined to the appendix, in a 26-year-old woman with a history of synovial sarcoma 27 ; (3) invasive adenocarcinoma arising from a sessile serrated polyp, with loss of MLH1 expression in both the adenocarcinoma and polyp but MSI-high by PCR only in the carcinoma component 29 ; and (4) pT4a pN2a invasive mucinous carcinoma with MSI-high by PCR and loss of both MLH1 and MSH2 expression, in a 42-year-old man without a family history of cancer. 26 (The appendiceal serrated adenoma was MSI-high with allelic shifts in 3 of 5 microsatellite markers, but no immunohistochemistry or mutational testing of individual MMR genes was performed. 28 ) These cases and other reported investigations of MSI in appendiceal tumors are summarized in Table 2 .
Most MSI-high CRCs are associated with loss of MLH1/PMS2 expression by immunohistochemistry, and most of these cases with MLH1 loss are due to epigenetic hypermethylation of the MLH1 gene promoter. In a large study of 1061 population-based cases of CRC, 60% of the MSI-high tumors had MLH1 methylation. 36 Of 313 cases in that study that were MSI-high and had available immunohistochemical analysis results for MLH1, MSH2, MSH6, and PMS2, 216 (69%) demonstrated loss of MLH1 expression; 165 (76%) of these tumors were methylated, and 51 (24%) were unmethylated. Less commonly, there was loss of another MMR protein (21%) or no evidence of MMR protein loss despite an MSI-high phenotype (9.6%). Overall, only 12% to 14% of population-based patients (but 70% of high-risk clinic-based patients) with MSI-high CRC had identifiable germline MMR mutations. 36 Multiple other studies have confirmed that germline MMR mutation/Lynch syndrome accounts for a minority (1.9% to 5%) of CRC in the general population. 1, 3, 32, 37 Although the numbers are small, the mechanism of MSI in appendiceal cancers studied to date appears different compared with that of CRC, especially right-sided colonic carcinomas. Among our 3 cases, only 1 had MLH1/PMS2 loss, whereas the other 2 had absence of MSH2/MSH6. (Because the stability of PMS2 and MSH6 proteins depends upon intact MLH1 and MSH2, respectively, these cases are pathogenically due to dysfunction of MLH1 and MSH2 with secondary loss of PMS2 and MSH6 immunoexpression.) Further, our tumor with MLH1 loss lacked MLH1 methylation and lacked BRAF mutation (which is present in at least half of sporadic CRCs with methylation-associated MSI-high).
Similarly, in previously reported MSI-high appendiceal carcinomas, MSH2 loss accounted for 2 of 4 cases, 25, 27 loss of both MLH1 and MSH2 accounted for 1 of 4, 26 and MLH1 loss accounted for only 1 of 4 cases. 29 The tumor with both MLH1 and MSH2 loss also lacked MLH1 methylation and BRAF mutation, whereas the other case with MLH1 loss was not tested for hypermethylation or BRAF mutation. Therefore, in contrast to the frequent MLH1 loss and infrequent MSH2 loss found in MSI-high CRCs, 5 of 7 (71%) reported MSI-high appendiceal carcinomas have shown MSH2 loss, only 3 of 7 (43%) have shown MLH1 loss, and neither of the 2 tested cases had MLH1 methylation or BRAF mutation.
Although MLH1 loss in CRC can be either sporadic or germline, loss of MSH2, MSH6, or isolated loss of PMS2 is usually reflective of a germline MMR gene mutation. 27, 37 In addition, CRCs with MLH1 loss that is not associated with MLH1 hypermethylation or BRAF mutation, or both, are considered to be highly suggestive of Lynch syndrome; in a recent literature review, for example, Parsons et al 38 reported the presence of BRAF V600E mutations in CRCs from only 1.4% of patients with Lynch syndrome and methylation of the "C region" of MLH1 in only 6% of MLH1 mutation carriers. However, both of our patients who underwent mutational testing for Lynch syndrome were negative, whereas the third (whose family history was most suggestive of Lynch syndrome) declined genetic counseling. Of the 3 previously reported patients with MSI-high appendiceal carcinomas who underwent genetic testing, only 1 was confirmed to have Lynch syndrome, whereas the other 2 were negative. Thus, Lynch syndrome has been identified in only 1 of 5 (20%) MSIhigh appendiceal carcinomas, with immunohistochemical or molecular findings suggestive of germline mutations in MLH1 or MSH2. Even though mutational analysis for Lynch syndrome was negative in the remaining patients, it is still possible that these MSI-high appendiceal carcinomas are germline in nature.
In summary, the results of this study highlight several features of MSI in appendiceal neoplasms. First, MSI-high is 5-fold less common in appendiceal carcinomas than in CRCs overall (B3% vs. 15%) and at least 6-fold less common than in right-sided colon carcinomas (B3% vs. Z20%). Second, unlike CRC, MLH1 promoter methylation does not appear to play a role in the genesis of MSI in this location (at least on the basis of the small number of reported cases to date). Finally, the same immunohistochemical/molecular alterations that would strongly suggest Lynch syndrome in CRC (eg, MSH2/MSH6 loss, or MLH1/PMS2 loss without MLH1 promoter methylation or BRAF mutation) are less specific in appendiceal carcinomas. Taken together, these findings suggest that routine screening for MSI/Lynch syndrome detection in appendiceal carcinomas would be of very low yield.
